The aim of the experiment was to study the effect on litter performance of two oral supplementation strategies on piglets born weighing 1.35 kg or less (SP; CON: no oral supplementation; COL: supplementation with 15 mL of sow colostrum orally administered to piglets within 4 h after the farrowing was completed). Two levels of cross-fostering strategies, performed 24 h after farrowing, were also studied (HL: litters fixed at 12 piglets, ensuring that less than 50% of the piglets of the litter were SP; LL: litters fixed at 12 piglets, with most of the piglets of the litter being SP; in both cases the aim was to minimize moving piglets from one sow to another as much as possible). The combination of the 2 management strategies described above resulted in a 2 × 2 factorial model. Forty-six litters were used. Litters were allocated to 1 of the 4 treatments: CON-HL, CON-LL, COL-HL, and COL-LL. Piglets were weighed on d 1 and 19 postpartum. Mortality was recorded. On d 4 postpartum, a 2-mL blood sample was obtained from 79 SP piglets born from multiparous sows included in the experiment. To obtain a negative control group, blood samples were obtained on d 4 postpartum from 8 additional SP piglets that were separated from their mothers at birth and bottle fed with milk replacement for 12 h. LL sows had lower within-litter CV of BW at d 1 than HL sows (16.2% vs. 21.9% ± 0.91%; P = 0.003), but they did not differ for litter CV of BW at d 19 (23.2% vs. 23.4% ± 1.72%). At d 19, HL sows had fewer dead piglets per litter than LL sows (0.80 vs. 1.69 ± 0.307; P = 0.022), and COL-HL sows had fewer dead piglets per litter than CON-HL (0.47 vs. 1.14 ± 0.160; P = 0.062). Cross-fostering SP in the same litter did not prevent a litter's CV of BW from increasing at weaning. Piglets from the COL group had higher IgG concentration than piglets from the CON group (P = 0.001). However, piglets from the negative control group had lower IgG concentration than those from the COL and CON groups (5.41 ± 2.320 vs. 30.60 ± 1.582 and 21.53 ± 0.951 mg/mL, respectively; P < 0.001 in both cases). Allocating small piglets to the same litter through cross-fostering had a negative effect on mortality and did not improve litter CV of BW at weaning. Colostrum supplementation of SP piglets improved IgG blood level on d 4. In addition, in nonhomogenized litters, colostrum supplementation of SP piglets might be a good management strategy to improve litter performance.
INTRODUCTION
With the high prolificacy of commercial sows, preweaning mortality remains an unsolved problem in pig production. In Spanish herds, for example, average losses from birth to weaning are close to 14%-15% (BDporc, 2012) . Among the different causes of early death, low colostrum intake is probably the most influential one. Colostrum intake is crucial for piglet growth since it provides piglets with the energy necessary at a very early stage (Quesnel et al., 2012) . Some authors have studied different management techniques to improve piglets colostrum intake after birth by drying and placing colostrum close to the udder (Christison et al., 1997; Andersen et al., 2007; Vasdal et al., 2011) . Furthermore, Svendsen et al. (2005) studied different feeding regimens for piglets in large litters, and Gomez et al. (1998) studied the effect of feeding newborn piglets with different products on piglet growth and mortality. However, there is a lack of information concerning nutritional strategies on newborn piglets, especially when it comes to orally supplementing piglets with colostrum (see reviews by Baxter et al., 2013; De Vos et al., 2013) .
Moreover, because of large variability in birth weight and to reduce preweaning mortality rate, cross-fostering is an important management practice usually adopted in commercial farms. Different authors have studied the benefits of cross-fostering on growth performance and survival rate of piglets (Deen and Bilkei, 2004; Bierhals et al., 2012; Heim et al., 2012) . Theoretically, a combination of colostrum supplementation and cross-fostering strategies should enhance piglet growth and survival. Those management strategies require skills to identify viable and nonviable piglets and to choose the most appropriate nursing sow for small piglets.
The objective of this contribution is to study the effect of both supplementing lighter piglets with colostrum and using a cross-fostering strategy on piglet survival and performance. Such information should help producers optimize piglet management strategies soon after farrowing.
MATERIALS AND METHODS
The experiment was conducted after being approved by the Institutional Animal Care and Use Committee of the Universitat Autònoma de Barcelona. The experiment was performed on a 7,000-sow farm in Medianeira, Paraná, Brazil.
Animals, Housing, and Management
Sows were kept in individual stalls (1.31 m 2 ) during gestation and fed a commercial gestation diet according to NRC (1998) requirements. On d 109 of gestation all gilts were moved to a climate-controlled (25°C) farrowing room. A total of 6 farrowing rooms with 30 individual farrowing pens each were used. Sows from the different treatments were evenly distributed within each room. Farrowing pens (3.28 m 2 ) were distributed in 3 rows with a central alley and 2 alleys on the sides and had plastic slat flooring and a farrowing crate (1.31 m 2 ) in the center. Attached to the front of each pen, next to the sow's feeder, there was a shelter box (0.49 m 2 × 0.55 m) supplied with a heating lamp. The researcher had access to the sow from the front and the rear of the pen and had easy access to the creep box through the top of it. Following the usual feeding routine of the farm, when farrowing symptoms were observed, the feeder was emptied, and the sow was not offered any feed for the following 24 h. The amount of feed offered was increased daily until ad libitum feeding was reached after 1 wk of lactation. Twice a day, sows were fed a dry corn-soybean meal diet (14.7 MJ ME; 20.2% CP, 8.0% Ether Extract (EE), and 3.2% Crude Fiber (CF) per kg as fed) that met or exceeded nutritional requirements (NRC, 1998) . Sows and piglets had ad libitum access to water in separated nipple drinkers. The farm's usual assistance provided to piglets around farrowing consisted of the addition of drying paper behind the dam and placing one heating lamp in the creep area during the farrowing day. The farm's usual procedure for the piglets included a 1-mL iron supplement given subcutaneously (Gleptoferril, PEARSON, São Paulo, Brazil), tail docking, and a farm identification tag clipped in the right ear on d 3 postpartum. Weaning took place at 23 ± 2 d of age. During all the experiment the animals were checked twice daily for health or eating problems.
The herd's routine vaccination program included vaccinating gilts and sows against enterotoxigenic Escherichia coli, clostridial enteric disease, Glässer's disease, porcine parvovirus infection, leptospirosis, and swine erysipelas using commercial inactivated vaccines. During the experiment no pathologic symptom outcome was observed at the farm.
Experiment Development
A total of 575 piglets from 46 multiparous sows (Large White × Landrace), ranging from second to sixth parity, were used in the experiment. The effects of oral supplementation and cross-fostering on piglet survival and growth were evaluated as a 2 × 2 factorial treatment design. Within 4 h after the farrowing was completed (expulsion of the placenta), litters were allocated to 1 of the 2 oral supplemental options: no oral supplementation (CON) and oral supplementation with 15 mL of sow colostrum (COL). Oral supplementation was only applied to piglets in the litter born weighing 1.35 kg or less (SP), leaving the piglets born weighing more than 1.35 kg (BP) with no oral supplementation. Sow colostrum was manually obtained 1 wk before its use from multiparous sows ranging from second to fifth parity. The colostrum was pooled and stored frozen (-20°C). On d 1 (18 to 24 h after birth), litters were equalized to 11 or 12 piglets per litter, excluding all the surplus piglets from the experiment (they were allocated to sows not included in the experiment). Two levels of cross-fostering were performed within litters of the same oral supplemental group: litters standardized with most of the piglets in the litter being SP, ensuring sows with thin and functional nipples (LL), and litters standardized by number, ensuring that less than 50% of the piglets of the litter were SP (HL). In both groups the aim was to minimize moving piglets from one sow to another as much as possible. The combination of the 2 management strategies described above resulted in a 2 × 2 factorial model: CON-LL, CON-HL, COL-LL, COL-HL. In addition to the 4 treatment groups, 5 extra multiparous sows with litters composed of only BP piglets (BIG) were also monitored during all the experiment so that their information could be used when comparing piglet growth data (57 BP piglets). Sow back fat thickness (BF) was measured on the P2 spot (last rib, 65 mm down the dorsal middle line) on both sides of the body using a Renco Lean Meater ultrasound system (Renco Corp., North Minneapolis, MN) 24 h after farrowing and on d 19 postfarrowing. The numbers of piglets born alive, stillborn, and mummified were recorded after farrowing was completed.
On farrowing day (d 0) piglet rectal temperature was recorded with a digital thermometer (MSR, Measure Technology Co. Ltd, Taipei, Taiwan, with a display resolution of 0.01°C and a ±0.1°C accuracy), and piglets were ear notched for individual identification. On d 1 (18 to 24 h after birth) piglet rectal temperature was recorded again. Piglets were weighed on d 0, 1, 10, and 19. On d 1, cross-fostering was performed, as described above, to obtain the 4 treatment groups. Litter preweaning mortality was recorded by checking the litters daily.
On d 4 postfarrowing, a 2-mL blood sample was obtained from 79 randomly selected SP piglets born from multiparous sows included in the experiment. To obtain a negative control group, blood samples were also obtained on d 4 postpartum from 8 additional SP piglets that were separated from their mothers at birth and bottle fed with milk replacement for 12 h before being returned to the dam. Samples were obtained by jugular venipuncture and centrifuged at 2,000 × g for 10 min, and serum was stored frozen at −8°C until IgG was determined. IgG was measured from serum samples using the Pig IgG ELISA Quantitation Set (Bethyl Laboratories Inc., Montgomery, TX).
Statistical Analyses
All statistical analyses were performed using SAS 9.2 (SAS Inst. Inc., Cary, NC). All data were explored to determine distribution using the UNIVARIATE procedure of SAS. All variables were analyzed using litter as the experimental unit (litter was introduced in all models as a random effect and was nested within main treatment effects, oral supplementation and CF). The α level of significance was set at 0.05. All results are presented as mean values.
Piglet mortality at d 5 followed a Poisson distribution, and piglet mortality at d 19 followed a negative binomial distribution, whereas the mortality rate of SP piglets at d 19 followed a Poisson distribution after being submitted to an exponential transformation. Differences among groups for litter average piglet BW and CV for piglet BW within litter were analyzed by repeated measures using the GLIMMIX procedure of SAS. The model included the oral supplementation option, crossfostering level, and day of weighing as fixed effects, and the interaction between the oral supplementation option, cross-fostering level, and day of weighing was also included. As suggested by Lowry (1992) , the interaction was studied when its P-value was significant or when it was <0.15 without any significant main effect. Farrowing room was also introduced in the model as a fixed effect when significant. Differences among treatments for sow BF loss during experiment; piglet rectal temperature, BW, and BW gain; and piglet serological IgG concentration were analyzed by general linear mixed models using the GLIMMIX procedure of SAS. All the models included oral supplementation and cross-fostering as fixed effects. The farrowing room for all variables and piglet gender for piglet variables were introduced as fixed effects and were removed from the model based on significance. For rectal temperature and BW data, BW at d 0 was introduced as a covariate, and for rectal temperature at d 1, rectal temperature at d 0 was also introduced as a covariate.
RESULTS
Sows entered the farrowing rooms with an average BF of 18.4 ± 0.51 mm and had an average BF at the end of the experiment of 16.8 ± 0.47 mm. Total live-born piglets, stillbirths, and mummified piglets were 14.12 ± 0.293, 0.87 ± 0.136, and 0.35 ± 0.105, respectively. At d 1, after cross-fostering was performed, litters were fixed at 11.91 ± 0.097 piglets; 60 and 36 piglets were removed to obtain the HL and LL litters, respectively. Tables 1 and 2 show the performance results of the entire litter including the average of SP and BP, whereas Tables 3 and 4 show the performance of SP and BP, respectively. Litter productive parameters for the different treatment groups are presented in Table 1 . As expected, there was a main effect of CF at d 1 postpartum, with HL litters having higher average piglet BW than LL litters (1.53 vs. 1.19 ± 0.118 kg; P = 0.011). For litter average BW at d 10 and 19 postpartum there was an interaction between oral supplementation option and cross-fostering (P < 0.001 in both cases), and a main effect of CF was observed on both days (P < 0.001 in both cases). Litter average BW at d 10 and 19 was higher for HL than LL litters for both levels of the oral supplementation option (P < 0.001 for both days), but the difference between COL-HL and COL-LL (P < 0.001) was higher than the difference between CON-HL and CON-LL (P = 0.002) at d 10 postpartum, and CON-LL had slightly higher average piglet BW than COL-LL litters (P = 0.099) on d 19 postpartum. There was a tendency (5.21 vs. 5.36 ± 0.096, P = 0.079), only on d 19 postpartum, for COL litters to have lower average piglet BW than CON litters. As expected, there was a main effect of CF at d 1 postpartum, with HL litters having higher CV for piglet BW within litter than LL litters (21.9% vs. 16.2% ± 0.91%; P < 0.001). However, at d 10 and 19 postpartum no main effect of CF was observed (P > 0.10). At d 19 HL litters had lower CV for piglet BW within litter when combined with COL rather than with CON (P = 0.035).
Mortality data are presented in Table 2 . There was a main effect of cross-fostering on the total number of dead piglets from d 5 to 19 postpartum and on the total number of dead piglets at d 19 postpartum, with HL litters having a lower number of total dead piglets in both periods than LL litters (0.30 vs. 1.00 ± 0.310 and 0.80 vs. 1.69 ± 0.307; P = 0.006 and P = 0.027, respectively). By contrast, colostrum oral supplementation did not affect piglet mortality. No differences among groups were observed for the percentage of SP piglets that died before d 19 postpartum (percentage of SP piglets from the total number of SP piglets originally in the litter that died).
At d 0 no differences for SP piglet birth BW were observed between the CON and COL groups (mean value of 1.12 ± 0.008 kg), and no difference for SP piglet BW at d 1 were observed either (mean value of 1.15 ± 0.009 kg). No main effect of the oral supplementation option was observed for piglet rectal temperature at d 0 and 1 (SP piglet mean value of 37.12°C ± 0.050°C at d 0 and 37.33°C ± 0.041°C at d 1; BP piglet mean value of 37.30°C ± 0.052°C at d 0 and 37.70°C ± 0.040°C at d 1).
Body weight and BW gain results for SP piglets during lactation are presented in Table 3 . There was an interaction between oral supplementation option and cross-fostering for BW and BW gain at d 10 postpartum. The COL-HL piglets tended to be heavier than the COL-LL group (P = 0.050) and had more BW gain at d 10 than COL-LL (P = 0.047). The COL-HL piglets also showed a tendency for increased BW gain at d 10 compared to CON-HL (P = 0.088). There was an interaction between oral supplementation option and cross-fostering for BW and BW gain at 1 Litter was considered the experimental unit for all the data.
2 CON = no oral supplementation; COL = oral supplementation of piglets born weighing 1.35 kg or less with 15 mL of sow colostrum; HL = litters standardized by number, aiming to minimize moving piglets from one sow to another as much as possible and also ensuring that less than 50% of the piglets of the litter were born weighing 1.35 kg or less; LL = litters standardized by number, aiming to minimize moving piglets from one sow to another as much as possible and composed only of piglets born weighing 1.35 kg or less.
3 Litter CV = litter CV for piglet BW within litter. 4 BF = Back fat thickness. d 19 postpartum. The COL-HL piglets had a tendency for higher BW than COL-LL and CON-HL piglets (P = 0.061 and P = 0.063, respectively), whereas COL-HL had increased BW gain at d 19 compared to COL-LL and CON-HL (P = 0.048 and P = 0.041, respectively).
Body weight and BW gain results for BP piglets during lactation are presented in Table 4 . The CON BP piglets tended to gain more BW than COL BP piglets at d 10 (P = 0.082) and at d 19 postpartum (P = 0.053). From d 10 to 19 postpartum BIG BP piglets tended to gain more BW than COL BP (P = 0.098).
There was no interaction effect between cross-fostering and oral supplementation (P = 0.938) and no main effect of cross-fostering (P = 0.946) for piglet IgG serological concentration at d 4. Nevertheless, there was a main effect of oral supplementation for piglet IgG concentration (P < 0.001) on d 4 after farrowing. Piglets from the COL group had a higher IgG concentration than piglets from the CON group (P = 0.001). However, piglets from the negative control group had a lower IgG concentration than the COL and CON groups (5.41 ± 2.320 vs. 30.60 ± 1.582 and 21.53 ± 0.951 mg/mL, respectively; P < 0.001 in both cases).
DISCUSSION
As we expected, piglets from the negative control group had lower IgG concentration than the others animals. However, 5.41 mg/mL is still a higher value than the IgG concentration observed by Rootwelt et al. (2012) in piglets at birth (less than 3.80 mg/mL). In our experiment we measured IgG at d 4, not at birth, and considering that colostrum secretion takes place for a period of 12 to 24 h (Quesnel et al., 2012) and that piglets' gut closure ends at approximately 24 h of age (Rooke and Bland, 2002) , there could still be a "window" for IgG absorption that would explain the higher IgG concentration in our negative control piglets, although they were separated from their dams for 12 h after birth. Since IgG plasma concentration in piglets at birth is negligible (Rootwelt et al., 2012) , the concentration observed at d 4 is directly related to colostrum intake during the first day of life because oral supplementation in the COL group resulted in an increased level of IgG at d 4. Such an effect might be caused by the 15 mL of colostrum directly administered to the piglets and also by an enhanced suckling capacity due to the extra energy intake obtained through the 15 ml of colostrum. Values with different superscripts differ significantly (P < 0.05).
1 Litter was considered the experimental unit for all the data.
3 Number of SP/total number of piglets present in the treatment group. 1 Litter was considered the experimental unit for all the data. Only HL litters were used to compare BP piglet data (LL litters were composed only of piglets born weighing 1.35 kg or less). HL = litters standardized by number, aiming to minimize moving piglets from one sow to another as much as possible and also ensuring that less than 50% of the piglets of the litter were born weighing 1.35 kg or less (SP).
2 BIG = litters composed only by piglets born weighing more than 1.35 kg.
3 CON = no oral supplementation.
4 COL = oral supplementation of piglets born weighing 1.35 kg or less with 15 mL of sow colostrum.
5 Number of BP piglets/total number of piglets in the treatment group.
Differences among groups observed for litter average piglet BW at d 10 and 19 postfarrowing were expected because of the presence of BP piglets in HL litters and the important effect of birth weight on piglet growth (Muns et al., 2013a) . Our results are consistent with those of Bierhals et al. (2012) , who also observed that litter average piglet BW differ among groups with different levels of cross-fostering. However, COL-HL tended to enhance SP piglets BW at d 10 and 19 and SP piglet BW gain at d 19 compared to CON-HL; these results are in agreement with those of Quesnel et al. (2012) , who pointed out that piglet BW gain increases concomitantly with colostrum intake, and Devillers et al. (2011) , who found long-term effects of colostrum intake on piglet growth, which improved their BW gain. The tendency to differ observed in BW gain at d 10 and 19 postpartum between CON and COL BP piglets might be caused for the greater performance of SP piglets in COL-HL litters causing more competence to BP piglets. The increase in CV observed at d 19 postpartum for piglet BW within litter in LL sows while HL sows remained constant is consistent with the results of Milligan et al. (2001) , who also observed that litters cross-fostered to uniform litters doubled their body weight CV at the end of lactation.
In our study, cross-fostering to LL litters resulted in higher total mortality, but HL litters did not differ from LL in the percentage of SP piglets that died before d 19 postpartum; however, Roehe and Kalm (2000) and Akdag et al. (2009) found a positive linear relationship between variation of birth weight within litter and preweaning mortality, and Deen and Bilkei (2004) found that the mortality of low-birth weight piglets (0.9-1.0 kg) was significantly higher and their growth rate was lower when they were put together with high-birth weight piglets. Nevertheless, Milligan et al. (2002) and Quesnel et al. (2012) did attribute the increase in mortality with variability in weight to a greater number of piglets with low BW rather than to the variability in weight itself. This affirmation is supported by the facts that inherent variation in teat productivity can introduce variation in weight gain, which may explain why very uniform litters become substantially more variable during lactation, and that cross-fostering to reduce the size disparity between siblings may also increase the level of piglet aggression (Milligan et al., 2001; Deen and Bilkei, 2004) . Both facts could explain the increased total number of dead piglets in LL litters. We would also add that cross-fostering low-birth weight piglets to create litters with similar birth weight may lead the farm to maintain piglets that should not be considered viable, contributing to an increased number of dead piglets and increased CV for piglet BW within litter during lactation in LL litters. Deen and Bilkei (2004) also pointed that low-birth weight piglet survival is more related to litter size than to the birth weight of their litter mates, which could explain the lack of difference between LL and HL litters regarding the percentage of SP piglets that died before d 19 postpartum.
Oral supplementation had no effect on litter mortality or SP piglet mortality rate in our experiment. In contrast, White et al. (1996) found a reduction in preweaning mortality in piglets supplied with 12 mL of bovine colostrum, but in White et al.'s (1996) experiment, colostrum supplementation was just a part of a complex farrowing management protocol. Nonetheless, the low number of replicates for some treatment groups, which induces high type II error, may contribute to the lack of an oral supplementation effect in some parameters.
Despite the improved IgG plasma concentration found in the COL group, the lack of significance of colostrum as an oral supplement in piglet performance could be due to an insufficient amount of colostrum administered to piglets. Colostrum consumption during the first 24 h after birth averages 250-300 g/kg birth weight (ranging from 0 to 700 g/kg) for sow-reared piglets (Quesnel et al., 2012) . Since the amount of colostrum ingested is highly variable between piglets (Devillers et al., 2011) , we can expect colostrum intake to be lower in low-birth weight piglets. Supplementation of 15 mL of colostrum as a one-time feeding dose could represent approximately 5% to 10% of the expected colostrum consumption for a SP piglet. Such an amount of supplementation would not be enough to clearly enhance piglet growth and survival at a profitable production level; however, from our results, colostrum supplementation to SP piglets increased IgG plasma concentration, and the COL-HL treatment enhanced piglet growth, survival. and CV for piglet BW within litter. Our findings contrast a similar study we performed with only gilts where we observed that colostrum supplementation of low-birth weight piglets was of particular interest in litters fixed so that most of the piglets were SP (Muns et al., 2013b) . We can conclude that litters from primiparous sows might require different cross-fostering management than litters from multiparous sows.
We conclude that in a farm with a proper vaccination schedule and low clinical incidence of diseases, farmers will obtain no production benefits from cross-fostering low-birth weight piglets to create litters with similar birth weights and that the best management strategy should be to fix litters by the number of piglets (considering the number of a sow's functioning teats) and to limit efforts to orally supplement low-birth weight piglets with colostrum during the first hours of life. However, these conclusions could be different for commercial farms with lower or different sanitary conditions.
